Introduction
Autoimmune diseases are believed to arise from complex interactions between genetic and environmental factors. 1, 2 In order to understand the pathogenesis of autoimmune diseases, investigators have devoted considerable effort to the study of animal models of autoimmune disease. These include the diabetic-prone BB rats and non-obese diabetic (NOD) mice, which spontaneously develop an insulin-dependent diabetes mellitus-like syndrome. [3] [4] [5] [6] A profound lymphodeficiency has been reported to lead to diabetes in BB rats, 7, 8 and the intrinsic defect in NOD mice involving lymphopenia and homeostatic expansion may contribute to establish autoimmunity. 9 In this study, we try to determine if the apoptosis defect exists in lymphocytes of NOD mice, which could be an underlying mechanism leading to lymphopenia and if one or a set of genes expression level can associate with such a liability, will their transcript levels vary according to different host environments?
By using Annexin V staining of the apoptotic cells, we revealed that NOD mice have a larger percentage of apoptotic lymphocytes than those of B6 mice or nondiabetic congenic strain -NOD.H2 h4 mice, and T cells of NOD mice are more susceptible to external stimulusinduced apoptosis than B6 mice or NOD.H2 h4 mice. Gene expression profiling experiment identified a set of genes with unique expression profile in NOD mice. The apoptosis-prone characteristic of this gene expression profile was identified by the overrepresented biological categories, especially the deregulated heat-shock proteins. Therefore, this specific expression pattern of these genes may contribute to establishing susceptibility to apoptosis that may increase the likelihood of developing autoimmune diabetes.
Materials and methods
Mice NOD, C57BL/6, NOD.H2 h4 and B6.Idd1,5 female mice were obtained from Jackson Labs (Bar Harbor, ME, USA). Procedures and care of animals were in accordance with Vanderbilt University guidelines provided by the Institutional Animal Care and Use Committee. B6.Idd1,5 is a double congenic strain that contains the NOD MHC Idd1and NOD Idd5 loci on the C57BL/6 background. This strain develops peri-insulitis, but insulitis is extremely rare (Jackson Labs Mice Database).
Reagents
Complete RPMI 1640 medium supplemented with 10% fetal bovine serum (HyClone Laboratories, Logan, UT, USA), 100 U/ml of penicillin, 100 mg/ml of streptomycin, 2 mM L-glutamine and 0.05 mM 2-ME (JT Baker, Phillipsburg, NJ, USA) was used for cell culture. The monoclonal antibodies used in this study were purified from tissue culture fluids of hybridoma cells obtained from American Type Culture Collection (Manassas, VA, USA): anti-I-A (10-3.6.2, specific for I-A g7, k, r, f or s haplotypes; Y3P, specific for I-A b, f, p, q, r, s, u and v haplotypes). BioMag s goat anti-mouse immunoglobulin (Ig)G-coated magnetic beads were obtained from Qiagen (Valencia, CA, USA). Tri-Reagent was obtained from Molecular Research Center Inc. (Cincinnati, OH, USA). Superscript II transcriptase was obtained from Invitrogen Corporation (Carlsbad, CA, USA). Annexin-V PE Apoptosis Detection Kit I, FITC-conjugated anti-CD3 antibody and allophycocyanin (APC)-conjugated anti-CD19 antibody were purchased from BD Pharmingen (San Diego, CA, USA ). PCR purification kits were obtained from Qiagen. CMTt hybridization chambers were obtained from Corning (Corning, NY, USA). Cy5, Cy3 and other reagents used for cDNA labeling and hybridization were obtained from VMSR (Vanderbilt Microarray Shared Resource). National Institutes of Aging (NIA) mouse 15K microarray chips were made by VMSR.
NIA mouse 15K cDNA clone set The NIA mouse 15K cDNA clone set is a 15 247-element clone set. The 15K clone set was developed at the NIA and has been sequence verified from both the 5 0 and 3 0 termini. Approximately, 15 000 unique cDNA clones were derived from 52 374 expressed sequence tags from pre-and peri-implantation embryos, E12.5 female gonad/mesonephros and newborn ovary.
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Every cDNA clone is assigned a unique clone ID in the mouse 15K NIA clone set.
CD3
þ T-cell purification CD3 þ T lymphocytes were purified from spleen by negative selection. Red blood cells were removed by hypotonic lysis. I-A-expressing cells were removed by incubation with anti-I-A antibody (10-3.6.2 for NOD and B6.Idd1,5; Y3P for C57BL/6) for 30 min at 0-41C and with goat anti-mouse IgG-coated magnetic beads at room temperature for 30 min. A magnetic column removed cells bound to beads. Average purity of CD3 þ T cells was approximately 90-95%, as determined by flow cytometry.
Total RNA isolation Tri-Reagent was used to isolate total RNA according to the manufacturer's protocol. We pooled total RNA from purified T cells of 2-3 mice for each microarray experiment. This provided us with sufficient total RNA and decreased bias due to biological variation. We used 5 Â 10 7 cells to isolate total RNA for each group (experimental and control) for each microarray experiment.
cDNA labeling, microarray hybridization and data analysis Labeled cDNA was prepared from 10 mg of total RNA. RNA was transcribed into fluorescently labeled cDNA using an anchored oligo-dT primer (dT 20 MN), unlabeled dNTPs, superscript II reverse transcriptase and dCTP labeled with one of the two fluorophores, Cy5 or Cy3, according to the standard protocol of VMSR. The Cy5-and Cy3-labeled cDNAs were combined, purified together and dissolved in 2 Â hybridization buffer (50% formamide, 10 Â standard sodium citrate (SSC) and 0.2% sodium dodecyl sulfate (SDS)).
Microarray slides were prehybridized in 1% bovine serum albumin, 5 Â SSC and 0.1% SDS at 551C for 45 min. After prehybridization, slides were rinsed five times in MilliQ water, one time in isopropanol and allowed to air dry. Combined samples were placed on the prehybridized slides and covered with lifterslips. Microarray slides were hybridized at 421C for 14-16 h in a humidified hybridization chamber. After hybridization, the lifterslips were removed and microarray slides were washed at room temperature with serial 5-min washes with 2 Â SSC, 0.1% SDS, 1 Â SSC and 0.1 Â SSC and dried by centrifugation at 50 g for 5 min.
Microarray slides were scanned using a GenePix s 4000B scanner (Axon Instrument Inc., Union City, CA, USA). Image files were analyzed with GenePix s Pro 3.0 software (Axon Instrument Inc., Union City, CA, USA). The software package was used to identify individual clones from the microarray image and to calculate signal intensity values. Ratios (fluorescent intensity of experimental sample/fluorescent intensity of control sample) from the two channels (red: Cy5; green: Cy3) represent the fold change in gene expression levels between the two samples. Each microarray was performed at least twice and results were averaged. Microarray original data were deposited into GEO database: GSE2524.
Definition of DEGs
DEGs are defined as a cDNA clone that exhibited a greater than threefold difference in expression between subject strains and reference strains with a Po0.05 (Student's t-test).
Biological process categorization by gene ontology EASE: the Expression Analysis Systemic Explorer (EASE version 2.0) was used to search for common biological themes within gene lists generated by our microarray analysis. EASE assigns identified genes to 'GO: Biological Process' categories from the Gene Ontology Consortium (www.geneontology.org). [11] [12] [13] Significantly overrepresented categories are those with the number of list hits of at least two with a Po0.05 (Fisher's exact test).
Reciprocal bone marrow transfer experiment
Two MHC class II-matched strains, NOD and B6.Idd1,5, were used. Recipient mice were irradiated by gamma irradiation at a lethal dose of 10 Gy and received donor bone marrow (1 Â 10 7 cells) by intravenous injection at the base of the tail. T cells were harvested 4 weeks after successful bone marrow transfers and used for microarray analysis.
Endogenous and stimuli-induced apoptosis
To induce apoptosis dependent upon DNA strand breaks, spleen cells were exposed to a total dose of 2 Gy of gamma irradiation using a Marker 1 Irradiator (JL Shepherd & Associates, Glendale, CA, USA) at a dose rate of 1.897 Gy/min at room temperature. To induce a heat-shock response, cells were transferred into 5 ml medium (2 Â 10 6 /ml) and incubated at 421C for 30 min. After 16 h of culture at 371C, cells were harvested. Freshly isolated and cultured cells were stained with PEconjugated Annexin-V, FITC-conjugated anti-CD3 antibody and APC-conjugated anti-CD19 antibody according to the manufacturer's protocol. Flow cytometry data were collected on a FACScan using CellQuest Software (BD Bioscience, San Jose, CA, USA) and analyzed by WinMDI software packages (provided by J Trotter, The Scripps Research Institute, La Jolla, CA, USA).
Reverse transcription and real-time PCR analysis
Total RNA was prepared using Tri-Reagent and used for first-strand synthesis with Superscript III First-Strand Deregulated stress system in NOD lymphocyte Z Liu and TM Aune Synthesis System for RT-PCR (Invitrogen Corporation, Carlsbad, CA, USA). Total RNA (2 mg) of NOD and B6 mice was reverse-transcribed. In order to evaluate the transcribed Hsp105 gene expression, we performed TaqMan RT-PCR using the ICycler IQ Multicolor Real-time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Reactions were performed in triplicate.
TaqMan reactions were set up in 96-well PCR plates (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer's protocols. For each reaction, 22.5 ml cDNA template (50 ng RNA used), 25 ml 2 Â TaqMan Universal Master Mix (Applied Biosystems, Branchburg, NJ, USA) and 2.5 ml 20 Â TaqMan Gene Expression Assay were added and the plate was run under default PCR thermal conditions according to the manufacturer's protocol (Applied Biosystems, TaqMan Gene Expression Assay Protocol 4333458B). TaqMan Gene Expression Assays: Mm00607939_s1, Actb; Mm00442864_m1, Hsp105/Hsp110 (Applied Biosystems, Branchburg, NJ, USA).
Changes in cycle threshold (DC t ) values of the samples were determined by subtracting the average of the triplicate C t values of the target gene (Hsp105) from the average of the triplicate C t values of the reference gene (ACTB). The relative gene expression levels were determined by subtracting the average DC t value of the target from the average DC t value of the calibrator. The amount of target (expressed as fold change), normalized to an endogenous reference and relative to a calibrator, was expressed as 2 ÀDDC t (User Bulletin #2, Applied Biosystems, Branchburg, NJ, USA).
Western blot assay
Cell lysates were prepared from purified CD3 þ T cells of NOD and B6 mice by incubation in 250 ml RIPA buffer (Tris-HCl 50 mM (pH 7.4), NP-40, 1% Na-deoxycholate, 0.25% NaCl: 150 mM EDTA, 1 mM). Protein (80 mg/lane) was separated on 10% precast SDS-PAGE gels (BioRad Laboratories, Hercules, CA, USA) under reducing conditions and blotted onto Sequi-Blot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA). Hsp90a/b and Hsp105 were identified using the rabbit polyclonal anti-Hsp90a/b and anti-Hsp105 antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), followed by horseradish peroxidase-conjugated bovine antirabbit-IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) as the secondary antibody. Membranes were exposed to enhanced chemiluminescence plus reagent (Amersham Biosciences, Buckinghamshire, UK) according to the manufacturer's protocol, developed with a Kodak Image Station 440CF and analyzed using one-dimensional Image Analysis software (Kodak Molecular Imaging System, Rochester, NY, USA).
Results

Apoptosis in NOD T cells
Lymphopenia in NOD mice may result from increased apoptosis or other mechanisms. We used two approaches to explore this hypothesis. First, we determined if straindependent differences in the portion of apoptotic lymphocytes exist, in vivo. We used Annexin-V staining and flow cytometry to determine the percentage of apoptotic T cells and B cells in age-matched female NOD, B6 and NOD.H2 h4 mice. We found a larger fraction of apoptotic T cells in NOD compared to B6 and NOD.H2 h4 (Figure 1a) . Interestingly, we also identified a similar pattern in B cells. The percentage of apoptotic B cells was higher in NOD mice than in B6 and NOD.H2 h4 mice (Figure 1b) .
Second, we performed cell culture experiments to determine sensitivity to cell death after exposure to stimuli known to induce apoptosis -gamma irradiation and heat shock. After 16 h, cultures were harvested and cells labeled with PE-conjugated Annexin-V and fluorescein isothiocynate (FITC)-conjugated anti-CD3. The percentage of apoptotic cells was determined by flow cytometry. We found that NOD T cells were more sensitive to gamma radiation-induced apoptosis than B6 or NOD.H2 h4 T cells (Figure 2a) . The rate of apoptosis in NOD T cells was 30% higher than in B6 T cells. We also compared apoptosis between T cells of NOD and B6 mice after heat shock. Apoptosis of NOD T cells was almost 40% higher than that of B6 T cells (Figure 2b ). This suggests that the increased apoptotic fraction observed, in vivo, may reflect an intrinsic property of NOD T and B lymphocytes rather than an external property of the host environment. 
Unique gene expression profiles in NOD T cells
From the apoptosis assays, we learned that NOD lymphocytes have an apoptosis-prone characteristic and it may lead to lymphopenia in NOD mice. Next, we tried to search for an underlying mechanism that may explain susceptibility to apoptosis in NOD lymphocytes. We used microarrays to attempt to identify differentially expressed genes (DEGs) between NOD mice and control strains -B6 mice -to determine if these DEGs can be candidates to confer a functional liability upon NOD T cells to make them more susceptible to apoptosis than B6. We identified 109 DEGs between the two strains. Most DEGs were overexpressed (81 DEGs) rather than underexpressed (28 DEGs) in NOD T cells. The level of overexpression ranged from approximately three-to 15-fold, and the level of underexpression ranged from approximately three-to sixfold (Figure 3 ). This set of genes (NOD DEGs, hereafter) can be viewed as a specific profile of NOD T cells.
EASE analysis of NOD DEGs
NOD DEG expression profiles may result in straindependent differences in functional properties. Therefore, we performed EASE analysis to categorize over-and underexpressed genes in NOD DEGs into functional categories that are overrepresented compared to the entire microarray data set (Fisher's exact test, Po0.05).
The most overrepresented categories in the overexpressed gene group were apoptosis-inducing genes including BNIP3L, PDCD7 and TIA1 (Table 1 ). In the underexpressed gene group, we found that all of the most overrepresented categories were stress responserelated heat-shock proteins or chaperones, including Hsp90a, Hsp90b and Hsp105. Hsp90a, Hsp90b and Hsp105 are known regulators of cellular apoptosis and, under certain experimental conditions, will inhibit cell apoptosis. [14] [15] [16] [17] The EASE analysis results suggested that the NOD DEGs are associated with apoptosis pathways.
Validation of microarray data
Next, we performed Western blotting to determine expression levels of Hsp90a/b and Hsp105 proteins in NOD and B6 T cells. Hsp90 protein expression was lower in NOD T cells compared to B6 T cells (Figure 4a) . Similarly, Hsp105 protein expression was lower in NOD compared to B6 T cells (Figure 4b ). We also used realtime PCR to measure the expression level of Hsp105. We found it to be higher in B6 than in NOD T cells (mean fold changes of 4.4, range 3.5-5.3). These results confirmed our microarray results.
NOD T cells DEGs are donor-rather than host-dependent in bone marrow transplants
We performed bone marrow transfer experiments to determine if the unique NOD DEG expression profile was dependent upon donor cells of origin or the host environment. Splenic T cells were harvested from bone marrow chimeras ('B6toNOD' refers to chimeric mice whose donor is B6.Idd1,5 and recipient is NOD; similarly, 'NODtoB6' refers to bone marrow chimeras whose donor is NOD and recipient is B6.Idd1,5). We compared NOD DEGs profiles in T cells between NOD mice and 'NODtoB6' mice. We found that most of the DEG expression profile in 'NODtoB6' mice was similar to that in NOD mice (Figure 5a ). However, when we compared the gene expression profiles of DEGs in T cells between NOD mice and 'B6toNOD' mice, we found that the expression levels of most of the DEGs in 'B6toNOD' mice were similar to expression levels of B6 T cells, control level (Figure 5b) . Therefore, these bone marrow transfer Deregulated stress system in NOD lymphocyte Z Liu and TM Aune experiments clearly support the notion that, at least for splenic T cells, the gene expression profile is a straindependent trait and does not vary significantly when T cells develop in a different strain with an identical major histocompatibility complex (MHC). However, we cannot rule out the possibility that MHC also contributes to the unique gene expression profile of T cells.
Association of gene expression profiles with MHC
From the bone marrow transplantation experiments, we demonstrated that the gene expression profile of NOD T cells seems to be an intrinsic trait rather than a reflection of the host environment. Next, we performed microarray analysis to compare gene expression profiles in T cells from diabetic NOD and the non-diabetic congenic strain -NOD.H2
h4 .We used the same RNA pool from C57BL/6 T cells for comparison and found that the gene expression level of NOD DEGs was greatly altered by the exchange of the MHC (Idd1 loci). Expression levels of NOD DEGs in NOD.H2 h4 T cells were more like B6 T cells than that of NOD T cells (Figures 5 and 6 ). These results show that, in NOD congenic strains, at least for T cells, replacement of the MHC region in NOD can lead to marked changes in gene expression profiles. This altered gene expression profile may result in altered functional properties of NOD.H2 h4 T cells. Deregulated stress system in NOD lymphocyte Z Liu and TM Aune
Discussion
In this study, we demonstrated that lymphocytes of NOD mice exhibit a higher percentage of apoptotic cells in vivo.
Although defects in phagocytosis of apoptotic cells by macrophages in NOD mice may contribute to the increase in numbers of apoptotic cells, 18 in this study, we showed that NOD T cells exhibit greater sensitivity to apoptosis-inducing stimuli in cell cultures than those of B6 and NOD.H2 h4 strains. Thus, we propose that increased sensitivity to apoptosis, at least in part, contributes to the increased numbers of apoptotic cells observed in vivo. Our gene expression profiling analysis identified a specific gene expression profile for NOD T cells, which implicated increased susceptibility to apoptosis as a potential defect in NOD T cells. Therefore, enhanced apoptosis in NOD T cells may be a potential cause for lymphopenia in NOD mice. It has been discussed in autoimmune animal models that lymphopenia can be an underlying mechanism to generate autoimmune diseases. [7] [8] [9] The elevated apoptosis of T cells in diabetic BB rats has been described, and in peripheral lymphoid organs diabetic-prone BB rats have severe T-cell lymphopenia. 8 That lymphopenia condition may be a contributing factor to autoimmunity predisposition has been originally reviewed: self-MHC/peptide recognition that is necessary for resting T-cell survival may become overt under lymphopenic conditions and lead to T-cell homeostatic proliferation and generation of autoreactive effector cells. 19 Recently, a report also indicated that lymphopenia in NOD T cell-induced compensatory homeostatic proliferation may be a contributing factor to generate autoimmunity, 9 and this new paradigm of T-cell homeostatic proliferation-induced autoimmunity has been discussed elsewhere. 20 Given our results, it is difficult to conclude that a difference in expression of a single gene or protein in NOD lymphocytes accounts for the observed differences in susceptibility to apoptosis. Rather, we find that a collection of genes and proteins that have known roles in inducing or preventing apoptosis are differentially expressed in NOD T cells; this specific gene expression profile may represent the specific trait of NOD T cells. Among these genes, one category is apoptosis-inducing genes and these genes are overexpressed and include Bnip3l and Pdcd7. 21, 22 In underexpressed genes, the most overrepresented category is heat-shock proteins, and how the heat-shock proteins regulate the apoptosis has been reviewed. 23 The heat-shock protein, Hsp90, one of the most overrepresented genes in underexpressed NOD DEGs, is also an important regulator of apoptosis. [14] [15] [16] 24, 25 More interestingly, an inhibitor of apoptosis family member, survivin, 26 which was recently reported to be required for both proliferation and inhibition of apoptosis of expanding T cells, 27 is also regulated by Hsp90 and global suppression of Hsp90 results in proteasomal degradation of survivin and apoptosis. 28 It has also been suggested that Hsp105 protects microtubules and also has antiapoptotic function. 29 Therefore, these proteins probably contribute to a generalized increase in sensitivity to apoptosis, as observed by measurement of cell apoptosis in in vivo and in vitro cell culture assay, which in turn may contribute to the observed lymphopenia in NOD. 9 Bone marrow transplantation experiments revealed that the gene expression profile of T cells in NOD is probably an independent property of NOD T cells, not varying according to different host environment. Nondiabetic congenic strain NOD.H2 h4 exhibits a similar apoptosis pattern in vivo or in vitro as B6 mice. The expression of NOD DEGs in NOD.H2 h4 also show the similar pattern as B6 mice. All these evidences suggested that the specific gene expression profile of T cells in NOD mice is an independent property that may contribute to establish elevated apoptosis in NOD lymphocytes. In addition, the process of lymphopenia leading to autoimmunity may map to Idd3 locus; 9 however, the congenic mice NOD.H2 h4 with altered Idd1 loci did not exhibit apoptosis-prone characteristic, and NOD DEGs gene expression in NOD.H2 h4 was also modulated to control level. These results suggested that Idd1 loci may also contribute to establish susceptibility to apoptosis in NOD mice.
In summary, our study demonstrates that the NOD T cell unique gene expression profile confers a deregulated stress response system, especially in the heatshock protein family, that may increase susceptibility of NOD T cells to apoptosis under various environmental stresses, which may result in lymphopenia. These results implicate that clinical intervention to the components of the stress response system, especially heat-shock family, such as Hsp90 or Hsp105, may pave a new way to diagnosis, prevention and treatment of type I diabetes. and the Vanderbilt Digestive Disease Center (P30 DK58404). Deregulated stress system in NOD lymphocyte Z Liu and TM Aune
